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(57) Abstract: A light modulation element, device, and sys- 
tem (10) is discussed. The light modulation element includes 
three electrodes (14, 16, 26), a rigid member (20), and a mirror 
(22). The rigid member (20) is connected between the three 
electrodes (14, 16, 26) so that the first and second electrodes 
(14, 16) are on one side and the third electrode (26) is on the 
opposite side of the rigid member (20). The mirror (22) is at- 
tached to the rigid member (20) so that it can move therewith. 
The rigid member (20) moves responsive to an external elec- 
trostatic force provided by one or more of the three electrodes 
so that the mirror (22) is positioned in a predetermined posi- 
tion responsive to the state of the rigid member (20). 
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LIGHT MODULATION DEVICE AND SYSTEM 

Background 

The present invention relates generally to optical devices and optical systems, and more 
particularly to a device for modulating a light beam intensity and a projector/exposure system using such 
a device. 

Devices which modulate an aspect of a light beam, e.g. an amplitude or phase of the light, find a 
5 number of applications. In optical modulation applications, phase modulation is often more important 
than amplitude modulation. Furthermore, phase modulation devices can often perform amplitude 
modulation, thereby providing application flexibility. It is desired to provide a light modulation device 
that is fast, reliable, durable, efficient, and can be used in simple as well as complex applications. 

10 Summary 

A technical advance is provided by a new and unique light element. In one embodiment, the 
light element includes three electrodes, a support structure, a flexible member, and a mirror. The flexible 
member is connected to the support structure so that it is responsive to electrostatic forces provided by 
one or more of the three electrodes. The flexible member is positioned in a gap so that it can move 

15 between a first and second state, responsive to the electrostatic forces. The mirror is also attached to the 
flexible member, so that it too moves between a first and second state. 

In another embodiment, the light element includes first, second, and third electrodes positioned 
adjacent to a substrate, each electrode capable of producing a force. Two support members are also 
connected to the substrate and a flexible member spans there between, extending over and above the 

20 three electrodes and capable of moving between a first and second state. As in the previous embodiment, 
a mirror is connected to and extends above the flexible member. 

In another embodiment, the light element includes a first, second, and third electrode for 
producing a first, second and third force, respectively. A flexible member, which is responsive to a 
force, is connected to a support structure. A mirror is further attached to the flexible member. In 

25 operation, the flexible member, and hence the mirror, transition between different states responsive to 
various combinations of the first, second, and third forces. 

In yet another embodiment, the light element includes two electrodes connected to the substrate 
for producing an electrostatic force and a flexible member suspended over the two electrodes. An 
actuator and a third electrode are also included, the actuator being adjacent the flexible member. The 

30 first two electrodes are situated to hold the flexible member in a prior state responsive to a hold voltage 
applied thereto, and the actuator is situated to selectively move the flexible member between two 
operational states. 
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Brief Description of the Drawings 

Figs. 1, 4, and 9 are side, cross sectional views of several different embodiments of light 
modulating elements according to the present invention. 

Figs. 2- 3 illustrate different states of the light modulating element of Fig. 1. 
5 Fig. 5 illustrates another state of the light modulating element of Fig. 4. 

Figs. 6-7 are exploded views of the light modulating element of Fig. 4. 

Fig. 8 is a graph illustrating the operation of the light modulating element of Fig. 4. 

Fig. 10 illustrates another state of the light modulating element of Fig. 9. 

Fig. 1 1 is an exploded view of the light modulating element of Fig. 9. 
10 Figs. 12-16 are isometric views of one embodiment of several light modulation elements that are 

part of a single micro-mirror light modulating device, according to the present invention. 

Figs. 17-18 are cross sectional views of different embodiments of a projection system, utilizing 
one or more of the light modulation devices discussed in Figs. 12-16. 

1 5 Detailed Description 

The present disclosure relates to optical devices and optical systems, such as can be used in a 
wide variety of applications. It is understood, however, that the following disclosure provides many 
different embodiments, or examples, for implementing different features of the invention in specific 
applications. These embodiments are, of course, merely examples and are not intended to limit the 

20 invention from that described in the claims. 

The present disclosure is divided into five different sections. The first section describes an 
element for light phase modulation. The second section describes a light phase modulation device 
including several of the elements. The third section describes different applications for the light phase 
modulation device. The fourth section describes embodiments of a tilting light modulation device and 

25 various applications thereof. The fifth section concludes by describing some of the many advantages of 
the elements, devices, and applications previously discussed. 

Light Phase Modulation Element 

Referring to Fig. 1, a component layout for one embodiment of a light modulation element 10 is 

30 shown. In the present embodiment, the light modulation element 10 is constructed on a semiconductor 
substrate 12. Two electrodes 14, 16 are formed adjacent to the substrate 12. Each electrode is, in the 
present embodiment, a solid film of electrically conductive material, such as metal. The electrodes 14, 16 
are positioned between non-conductive support structures 18. The support structures 18 secure a 
flexible, spring-like member 20, which is also responsive to electrostatic fields. The flexible member 20 

35 is further connected to a mirror 22 through a connecting portion 24. The mirror may be of many different 
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types of reflective materials, such as gold, aluminum, copper, or a combination thereof, depending on the 
use (e.g., infrared, x-ray) for the light modulation element 10. The support structures 18 also secure a 
third electrode 26. 

The light modulation element 10 is a micro-electro-mechanical (MEM) device, and therefore has 
5 several gap areas to allow mechanical movement A first area 30 is defined between the electrodes 14, 
16 and the flexible member 20. A second area 32 is defined between the flexible member 20 and the 
third electrode 26. A third area 34 is defined between the third electrode 26 and the mirror 22. There are 
many different processing methods to construct the various gap areas 30, 32, 34. For example, a 
sacrificial layer can be fabricated into the areas, and then later removed by an appropriate vapor etch, 

10 As shown in Fig. 1, a distance dl is provided between the flexible member 20 and the second 

electrode 16; a distance d2 is provided between the flexible member 20 and the third electrode 26; and a 
distance d3 is provided between the third electrode 26 and the mirror 22. Although the distances dl, d2, 
d3 can vary, depending on different materials used (e.g., for the flexible member 20) or other factors, in 
the present embodiment, the distances are defined by equations (1) and (2), below. 

15 dl,d3»d2. (1) 

d3 ~ dl (2) 
As will be discussed in greater detail below, in some applications, the distances dl, d2, d3 will be related 
to a wavelength X of light being reflected off of the mirror 22. For the sake of example, a light source 
may have a wavelength X of 400 nano-meters (run). In this example, the distances dl, d3 could be equal 

20 to lOOnm and the distance d2 could be about 5-10nm. 

Referring also to Figs. 2 and 3, the light modulation element 10 can be in three different 
mechanical states. Fig. 1 illustrates a "free" state in which the flexible member 20 is in a natural, un- 
flexed state. As shown in Fig. 1, the distance d2 is relatively small, and the distances dl, d3 are 
relatively large. 

25 Fig. 2 illustrates an "upper" state in which the flexible member 20 is flexed upward, as seen in 

the figure, and away from the substrate 12. As shown in Fig. 2, the distance d2 is approximately equal to 
zero and the distances dl, d3 are larger than they were in the free state. In many applications, the 
difference between the upper and free states can be considered as insignificant. 

Fig. 3 illustrates a "lower" state in which the flexible member 20 is flexed downward, as seen in 

30 the figure, and toward the substrate 12. As shown in Fig. 3, in the upper state, the distances dl, d3 are 
approximately equal to zero and the distance d2 is now relatively large. 

The three states - free, upper, and lower - are defined by electrostatic forces applied between the 
three electrodes 14, 16, 26 and/or the flexible member 20. In the present embodiment, the flexible 
member 20 is at a first voltage and the electrodes 14, 16, 26 can selectively alternate between the first 

35 voltage and a second voltage. For the sake of reference, the first voltage will be ground, designated with 
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a binary "0", and the second voltage will represent a positive voltage, designated with a binary "1". 
Furthermore, in the present example, the positive voltage 1 will electrostatically attract an item at the 
ground voltage 0. It is understood, however, that various combinations of different voltages can produce- 
different operations, so that the present invention can facilitate many different design choices well 
5 understood by those of ordinary skill in the art. 

The light modulation element 10 can also be in a "hold" state. The hold state maintains a prior 
state of the element 10, despite changes in electrode voltage. Simply put, the hold state serves as a 
memory for the element 10. The hold state will be discussed in greater detail, below. 

The light modulation element 10 can operate in many different configurations of the electrodes 
.0 14, 16, 26. Referring now to Table 1, in one configuration, each of the electrodes 14, 16, 26 can operate 
independently of the others. 
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Table 1 



Referring to Figs. 1-3, consider for example that electrodes 14 and 16 are 1 and that the light 
modulation element 10 is currently in the lower state, meaning that the distance d3 is small, and the 
mirror 22 is in the lower position. Next, electrode 26 switches to 1. According to Table 1, the light 

:5 modulation element 10 will be in the hold state. In the present example, the hold state will "hold" the 

previous state, so that the mirror 22 stays in the lower state. Next, electrode 26 switches to 0. According 
to Table 1, the light modulation element 10 will still be in the hold state. This means that the previous 
lower state continues to be held. Therefore, as long as the electrodes 14 and 26 stay at 1, the lower state 
will be held. Many different scenarios can be shown to hold the free state or the upper state. 

0 The light modulation element 10 is able to hold a certain state by controlling the strength of the 

electrostatic fields produced from the electrodes 14, 16 and/or 26. hi the present embodiment, the 
strength of the electrostatic fields that are affecting the flexible member 20 are manipulated by the 
distances dl, d2, and/or d3. In other embodiments, the strength of the fields can be manipulated in many 



-4- 



WO 02/42825 



PCT/US01/43560 



different ways. For example, the strength of the corresponding electrostatic fields can be manipulated by 
the size of the electrodes 14, 16, and/or 26, the material used to construct each electrode, the voltage 
applied to each electrode, and/or any intervening structures. 

Referring now to Table 2, electrode 16 can also be used as an edge-trigger input. For example, if 
5 electrode 14 is 0 and electrodes 16 and 26 are 1, the light modulation element 10 will be in the hold state. 
However, if electrode 16 switches to 0, the light modulation element 10 will switch to the upper state. If 
electrode 16 switches back to 1, the light modulation element 10 will be held in the upper state. 
Therefore, after every change of electrode 16, the light modulation element will be in the upper state. 
This works in a similar manner for the lower state and the hold state. 
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Table 2 



Referring now to Table 3, in another configuration, electrodes 14 and 26 are tied together, and 
electrode 16 can operate independently of the other two. As can be seen by the last two rows of Table 3, 
when electrodes 14 and 26 both have the 1 voltage, the light modulation element 10 is in the hold state, 
20 regardless of the voltage for electrode 16. Therefore, the electrodes 14, 26 are treated together as a "hold 
electrode", placing the light modulation element 10 in and out of the hold state. When the light 
modulation element is not in the hold state, the electrode 16 acts as a "data electrode", with the free state 
corresponding to a 0 value and the lower state corresponding to a 1 value. 
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Table 3 

30 Referring now to Fig. 4, a component layout for another embodiment of a light modulation 

element 60 is shown. Components of the element 60 that can be similar to those of the element 10 (Fig. 
1) are commonly numbered. In the present embodiment, the light modulation element 60 is constructed 
on a semiconductor substrate 12. Three electrodes 62, 64, 66 are formed adjacent to the substrate 12, 
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although different embodiments may include an insulative material (not shown) to facilitate electrical 
isolation. Each electrode is, in the present embodiment, a solid film of electrically conductive material, 
such as metal. The electrodes 62-66 are positioned between non-conductive support structures 68. The 
support structures 68 secure a flexible spring-like member 70. The flexible member 70 is non-linear, 
5 which means that it has a tendency to "pop" into either of two states, as will be discussed in greater 

detail, below. The flexible member 70 is further connected to a mirror 22 through a connecting portion 
24. The mirror may be of many different types of reflective materials, such as gold, aluminum, copper, 
or a combination thereof, depending on the use (e.g., infrared, x-ray) for the light modulation element 60. 

The light modulation element 60 is also a MEM device, and therefore also has several gap areas 
10 to allow mechanical movement. A first area 72 is defined between the three electrodes 62-66 and the 
flexible member 70. A second area 74 is defined between the flexible member 70 and the mirror 22. 

As shown in Fig. 4, a distance d4 is provided between the flexible member 70 and the electrodes 
62-66. For the sake of example, the distance d4 can be considered similar to the distance dl of Fig. 1. 

The light modulation element 60 can be in two different mechanical states. Fig. 4 illustrates a 
15 free state in which the flexible member 70 is in a natural, un-flexed state. As shown in Fig. 4, the 

distance d4 is relatively large. In the present embodiment, the free state is also considered the upper 
state. 

Fig. 5 illustrates a lower state in which the flexible member 70 is flexed downward, as seen in 
the figure, and towards the substrate 12. As shown in Fig. 5, the distance d4 is approximately equal to 
20 zero. 

Referring also to Figs. 6 and 7, the flexible member 70 includes two different sub-components. 
A plurality of flexible legs 70a are provided, each connected to one of the support structures 68. The 
flexible legs 70a meet at a central portion 70b, which is further connected to the mirror 22 through the 
connecting portion 24. The central portion 70b is made of a material that is responsive to electrostatic 

25 fields caused by one or more of the electrodes 62-66. In the present embodiment, the flexible legs 70a 

and the central portion 70b are configured to provide a non-linear flexing action (the "pop"). As a result, 
the flexible member 70, and hence the mirror 22, pops between two states, as illustrated by the arrow 72. 
It is understood that there are many configurations of the flexible legs 70a, central portion 70b and/or 
support structures 68 that will support a non-linear flexing action. 

30 Referring specifically to Fig. 6, the first electrode 62 has an area Al under the central portion 

70b, the second electrode 64 has an area A2 under the central portion, and the third electrode 66 has an 
area A3 under the central portion. In the present embodiment, the areas are such that: 

A1=A2 = A3. (3) 
By selecting the areas Al, A2, A3, the amount of electrostatic force produced by each electrode 62-66 

35 can be controlled. In other embodiments, the electrostatic force can be controlled by other means, such 
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as voltage level or material composition of each electrode. Also in other embodiments, it may be 
desirable to have different electrostatic forces associated with each electrode. 

Referring to Fig. 8, a graph 76 illustrates the operation of the light modulation element 60. A 
vertical axis, labeled displacement", shows a position for the central portion 70b of the flexible member 

5 70, and thus the position of the mirror 22. A horizontal axis, labeled "Electrostatic Voltage", shows a 
value for the voltages of the three electrodes 62-66. The graph 76 includes two curves 78d, 78u. The 
curve 78d represents a downward motion for the flexible member 70, and the curve 78u represents an 
upward motion for the flexible member. As a result, the curves 78u, 78d illustrate an operational 
hysteresis for the flexible member 70. In some embodiments, the lower state of the flexible member 70 

10 may be controlled by a mechanical stopper, such as is discussed in greater detail with respect to Fig. 10, 
below. 

Consider for example that the electrodes 62, 64, 66 are capable of providing a voltage VI, V2, 
V3, respectively. In this example, the first electrode 62 (with the voltage VI) serves as a data electrode, 
the second electrode 64 (with the voltage V2) serves as an "active electrode," and the third electrode 66 

.5 (with the voltage V3) serves as a "lock/reset electrode." A value is a threshold voltage where there 
is sufficient electrostatic force to pop the flexible member 70 from the upper state (Fig. 4) to the lower 
state (Fig. 5). A value V^ is a threshold voltage where there is sufficient electrostatic force to release 
(or '*unpop") the flexible member 70 from the lower state back to the upper state. In the present 
embodiment, the voltages VI, V2, V™,, V^, and a total voltage V m are defined by the following 

10 relationships: 
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The light modulation element 60 can operate in many different configurations of the electrodes 
62-66. Referring now to Table 4, in one configuration, each of the electrodes 62-66 can operate 
independently of the others. Table 4 utilizes the 0/1 voltage designations discussed above, with the 0 
voltage designation representing zero volts, and the 1 voltage designation representing either VI, V2, or 
10 V3, as identified above. 
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Table 4 



Note: Some voltage combinations are not used in the present embodiment, and are therefore designated 
"n/a." 

.0 The operation of Table 4 supports two distinct operations: writing a data value from the first 

electrode 62, and holding the data value previously written. To write to the element 60, the element is 
first reset by setting all three electrodes 62-66 to zero. When the element 60 resets, it is in the free or 
upper state. Then, the third electrode 66 is set to 1 (thereby locking the element) and the second 
electrode 64 is set to 1 (thereby activating the element). At this time, the element 60 will be responsive 

.5 to the data (0 or 1) from the first electrode 62. 

To hold the data value previously written (so that the element 60 is no longer responsive to the 
data in the first electrode), the third electrode 66 is set to 1 and the second electrode 64 is set to 0. At 
this time, the element 60 will not be responsive to the data in the first electrode 62, and the state of the 
element will remain unchanged. 

:0 Therefore, the third electrode 66 remains locked (set to 1) at all times, except when the element 

60 is being reset. The second electrode 64 is active (set to 1) when it is desired that the element 60 be 
responsive to data from the first electrode 62, and inactive (set to 0) when it is desired that the element 
not be responsive to data from the first electrode. 

Referring now to Fig. 9, a component layout for yet another embodiment of a light modulation 

:5 element 80 is shown. Components of the element 80 that can be similar to those of the elements 10 (Fig. 
1) and 60 (Fig. 4) are commonly numbered. In the present embodiment, the light modulation element 80 
is constructed on a semiconductor substrate 12. Two electrodes 82, 84 are formed adjacent to the 
substrate 12. Each electrode 82, 84 is, in the present embodiment, a solid film of electrically conductive 
material, such as metal. The electrodes 82-84 are positioned between non-conductive support structures 

0 86. The support structures 86 secure a flexible member 88. The flexible member 88 is further connected 
to a mirror 22 through a connecting portion 24. 

The light modulation element 80 is also a MEM device, and therefore also has several gap areas 
to allow mechanical movement A first area 90 is defined between the two electrodes 82-84 and the 
flexible member 88. A second area 92 is defined between the flexible member 88 and the mirror 22. As 
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in the element 60 of Fig. 4, a distance d4 is provided between the flexible member 88 and the electrodes 
82-84. In some embodiments, nonconductive stopper devices 93 may be attached to the electrodes 82-84. 
The stopper devices 93 serve to limit the movement of the flexible member 88 and to prevent contact 
between the electrode 82 and the flexible member. 
5 A third electrode 94 extends above the flexible member 88. Unlike the element 100 of Fig. 1, the 

third electrode 94 is separated from the flexible member 88 by an isolation layer 96. The isolation layer 
96 may serve as an electrical isolator and/or a thermal isolator, as needed. In some embodiments, the 
isolation layer 96 is used throughout the element 80. 

Referring to Figs. 9 and 10, an actuator 98 is positioned adjacent to the flexible member 88 and 

10 adjacent to the third electrode 94. The actuator 98 is capable of placing the light modulation element 80 
in two different states: free and lower. Fig. 9 illustrates the free state in which the flexible member 88 is 
in a natural, un-flexed state. As shown in Fig. 9, the distance d4 is relatively large. In the present 
embodiment, the free state is also considered the upper state. Fig. 10 illustrates the lower state in which 
the flexible member 88 is flexed downward, as seen in the figure, and towards the substrate 12. As 

15 shown in Fig. 10, the distance d4 is approximately equal to zero. 

The actuator 98 is triggered by the third electrode 94. In one embodiment, the actuator 98 is a 
PZT thin film micro-actuator. The PZT actuator 98 utilizes piezoelectric effects to move the flexible 
member 88 to the lower state. In another embodiment, the actuator 98 is a thermal type, or pyroelectric" 
actuator. The pyroelectric actuator 98 utilizes the thermal expansion of thin films to move the flexible 

20 member 88 to the lower state. Therefore, in response to a voltage/current signal on the third electrode 
94, the actuator 98 (piezoelectric or pyroelectric) fluctuates between the two states illustrated in Figs. 9 
and 10. 

Referring also to Fig. 1 1, the flexible member 88 includes two different sub-components. A 
plurality of flexible legs 88a are provided, each connected to one of the support structures 68. The 

25 flexible legs 88a meet at a central portion 88b, which is further connected to the mirror 22 through the 

connecting portion 24. Each flexible leg 88a includes the isolation layer 96, the actuator 98, and the third 
electrode 94. The central portion 88b is made of a material that is responsive to electrostatic fields 
caused by one or more of the electrodes 82-84. In the present embodiment, the flexible legs 88a move 
responsive to the actuator 98, and thereby move the central portion 88b between the upper (free) and 

30 lower states. It is understood that there are many configurations of the flexible legs 88a, central portion 
88b and/or support structures 86 that will support the above-described action. 

The light modulation element 80 can operate in many different configurations of the electrodes 
82, 84, 94. Referring now to Table 5, in one configuration, each of the electrodes 82, 84, 94 can operate 
independently of the others. 
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In this configuration, the element 80 operates similarly to the element 10 discussed with 
reference to Table 1. It is noted, however, that the upper state and the free state are the same for the 
element 80. 

Referring now to Table 6, in another configuration, electrodes 82 and 94 are tied together, and 
electrode 84 can operate independently of the other two. As can be seen by the last two rows of Table 6, 
when electrodes 82 and 94 both have the 1 voltage, the light modulation element 80 is in the hold state, 
regardless of the voltage for electrode 84. Therefore, the electrodes 82, 94 are treated together as a hold 
electrode, placing the light modulation element 80 in and out of the hold state. When the light 
modulation element is not in the hold state, the electrode 84 acts as a data electrode, with the free state 
corresponding to a 0 value and the lower state corresponding to a 1 value. 
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Therefore, the light modulation elements 10, 60 and 80 can perform in many different ways, and 
can be combined to accommodate different applications, some of which are discussed below. 

Light Phase Modulation Device 

Referring now to Fig. 12, a plurality of light modulation elements can be configured into an 
array on a single monolithic substrate 90 to produce a micro-mirror light modulation device 92. Any of 
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the above-mentioned light modulation elements can be used, in any combination. However, for the sake 
of example, 20 light modulation elements 10 are arranged in an array of five rows R(0), R(l), R(2), R(3), 
R(4), and four columns C(0), C(l), C(2), C(3). Conventional SRAM, DRAM, and DMD data and 
addressing schemes can be utilized to implement these larger arrays, as would be evident to those of 
5 ordinary skill in the art. For example, separate column and row address may be multiplexed, as is used in 
many DRAM architectures. Also, a clock or latch signal can be utilized to synchronize operation. 

In the present example, the light modulation elements 10 of the light modulation device 92 are 
configured as discussed in Table 3, above. Specifically, the first and third electrodes 14, 26 for each 
light modulation element 10 are electrically connected to form a hold electrode. In addition, all of the 

10 data electrodes 16 for light modulation elements on a common row are electrically connected. The data 
electrodes for rows R(0) - R(4) are connected to data lines D(0) - D(4), respectively. The data lines 
D(0..4) are further connected to data inputs of the device 92, with any intermediate circuitry (e.g., 
registers or buffers) as necessary. Likewise, all of the hold electrodes 14, 26 for light modulation 
elements on a common column are electrically connected. The hold electrodes for columns C(0) - C(3) 

15 are connected to hold lines H(0) - H(3), respectively. The hold lines H(0..3) are further connected to an 
address decoder of the device 92, which may be further connected to address inputs and additional 
circuitry, as necessary. 

Figs. 12-16 illustrate a sequence of operations for individually manipulating each light 
modulation element 10 of the light modulation device 92. It is understood that if the light modulation 

20 device 92 is constructed with the elements 80 discussed in Fig. 9, the operation will be essentially the 

same as discussed below. If the light modulation device 92 is constructed with the elements 60 discussed 
in Fig. 4, additional and/or modified signals will need to be provided, as discussed above with reference 
to Table 4. 

In Fig. 12, the hold line H(0) is not asserted (set equal to 0, in the present embodiment) and a 
25 data value of: 

D(0..4)= 10110 

is provided to the device 92. The hold line H(0) is then asserted (set equal to 1). As a result, the state for 
the light modulation elements 10 of column C(0) are as in Table 7, below. The voltage levels of the 
remaining hold lines H(l .. 3) are a "don't care" in the present example, and may be of different values 
30 according to different implementations. 



Row 


Column 


State 


R(0) 


C(0) 


lower 


R(l) 


C(0) 


free 


R(2) 


C(0) 


lower 
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R(3) 


C(0) 


lower 


R(4) 


C(0) 


free 


R(0..4) 


C(1..3) 


don't care 



Table 7 



Next, in Fig. 13, the hold line H(l) is not asserted (the hold line H(0) remains asserted) and a 
data value of: 

D(0..4) = 01101 

is provided to the device 92. The hold line H(l) is then asserted (the hold line H(0) remains asserted). 
As a result, the state for the light modulation elements 10 of column C(0.. 1) are as in Table 8, below. 



Row 


Column 


State 


R(0) 


C(0) 


lower 


R(l) 


C(0) 


free 


R(2) 


C(0) 


lower 


R(3) 


C(0) 


lower 


R(4) 


C(0) 


free 


R(0) 


C(l) 


free 


R(l) 


C(l) 


lower 


R(2) 


C(l) 


lower 


R(3) 


C(l) 


free 


R(4) 


C(l) 


lower 


R(0..4) 


C(2..3) 


don't care 



Table 8 



Next, in Fig. 14, the hold line H(2) is not asserted (the hold lines H(0..1) remain asserted) and a 
data value of: 

D(0..4) = 11100 

is provided to the device 92. The hold line H(2) is then asserted (the hold lines H(0..1) remain asserted). 
As a result, the state for the light modulation elements 10 of column C(0..2) are as in Table 9, below. 



Row 


Column 


State 


R(0) 


C(0) 


lower 


R(l) 


C(0) 


free 


R(2) 


C(0) 


lower 
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R(3) 


C(0) 


lower 


R(4) 


C(0) 


free 


R(0) 


C(l) 


free 


R(l) 


C(l) 


lower 


R(2) 


C(l) 


lower j 


R(3) 


C(l) 


free 


R(4) 


C(l) 


lower 


R(0) 


C(2) 


lower 


R(l) 


C(2) 


lower 


R(2) 


C(2) 


lower 


R(3) 


C(2) 


free 


R(4) 


C(2) 


free 


R(0..4) 


C(3) 


don't care 



Table 9 

15 Next, in Fig. 15, the hold line H(3) is not asserted (the hold lines H(0..2) remain asserted) and a 

data value of: 

D(0..4) = 01010 

is provided to the device 92. The hold line H(3) is then asserted (the hold lines H(0..2) remain asserted). 
As a result, the state for all the light modulation elements 10 of device 92 is provided in Table 10, below. 



Row 


Column 


State 


R(0) 


C(0) 


lower 


R(l) 


C(0) 


free 


R(2) 


C(0) 


lower 


R(3) 


C(0) 


lower 


R(4) 


C(0) 


free 


R(0) 


C(l) 


free 


R(l) 


C(l) 


lower 


R(2) 


C(l) 


lower 


R(3) 


C(l) 


free 


R(4) 


C(l) 


lower 


R(0) 


C(2) 


lower 
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C(2) 


lower 






lower 




C(2) 


free 






free 




C(2\ 


free 


R(l) 


C(2) 


lower 


R(2) 


C(2) 


free | 


R(3) 


C(2) ! 


lower 


R(4) 


C(2) 


free 



10 Table 10 

Next, in Fig. 16, the hold line H(0) is not asserted (the hold lines H(1..3) remain asserted) and a 
data value of: 

D(0..4) = 01001 

is provided to the device 92. The hold line H(0) is then asserted (the hold lines H(1..3) remain asserted). 
15 As a result, the state for all the light modulation elements 10 of device 92 is provided in Table 1 1 , below. 



Row 


Column 


State 


R(0) 


C(0) 


free 


R(l) 


C(0) 


lower 


R(2) 


C(0) 


free 


R(3) 


C(0) 


free 


R(4) 


C(0) 


lower 


R(0) 


C(l) 


free 


R(l) 


C(l) ! 


lower 


R(2) 


C(l) 


lower 


R(3) 


C(l) 


free 


R(4) 


C(l) 


lower 


R(0) 


C(2) 


lower 


R(l) 


C(2) 


lower 


R(2) 


C(2) 


lower 


R(3) 


C(2) 


free 


R(4) 


C(2) 


free 
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xs\v/ 


C(D 


free 


R(l) 


C(2) 


lower 


R(2) 


C(2) 


free 


R(3) 


C(2) 


lower j 


R(4) 


C(2) 


free • 



Table 11 



Therefore, the light modulation device 92 can easily address and store data in each element 10 
without the use of any additional memory. Also, it is understood that different light modulation devices 
can be constructed, such as those that utilize the operation of the light element 10 discussed in Tables 1 
10 and 2, above. 

Light Phase Modulation Applications 

The light modulation elements 10, 60, 80 and the light modulation device 92 can be used in many 
different applications. The elements work well for high light intensity applications as well as short 

1 5 wavelength applications, such as is discussed in U.S. Patent No. 5,986,795, which is hereby incorporated 
by reference. For example, the light modulation device 92 works for soft x-ray applications as well as 
extreme ultra-violet (or "EUV") lithography with wavelengths of 100 nm or less. In these applications, 
the mirror 22 may be constructed with a multilayer reflective coating, including but not limited to 
alternate coatings of molybdenum and silicon, such as is discussed in U.S. Patent No. 6,1 10,607, which is 

20 hereby incorporated by reference. 

The light modulation elements 10, 60, 80 and the light modulation device 92 can also operate as 
optical communication devices. For example, individual light beams can be manipulated for dense 
wavelength division multiplexing ('DWDM"). Also, these elements and devices can be used for optical 
add/drop modules ("OADM"). Further, these elements and devices can be used for digital color displays 

25 and the like. 

Referring now to Fig. 17, the light modulation device 92 can be used as part of a projector 
system 100. The projector system 100 also includes a light source 102, a beam- splitter 104, a mirror 
106, and a lens system 108 for projecting an image onto a surface 1 10. The image from the projector 
system 100 is defined by a plurality of pixels, corresponding to the number of light modulation elements 
30 10 on the light modulation device 92 (or multiples thereof). 

The light source 102 may produce either coherent or non-coherent light. Certain applications can 
benefit by using a cheaper non-coherent light source. Li the present example, the light source 102 
produces light of a wavelength A. Furthermore, each mirror 22 of the device 92 can move a distance of 
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X/4 between the free state and the lower state. The lens system 108 is illustrated as a single lens, but it is 
understood that various combinations may be employed, to meet various design choices. 

The beamsplitter 104 includes a reflective surface 1 12 positioned between two transparent 
prisms 1 14, 1 16. In the present embodiment, the reflective surface 1 12 is a 50/50 splitter, in that half of 
5 the light intensity is allowed to pass directly through the reflective surface, while the other half reflects 
off the reflective surface. In some embodiments, the reflective surface maybe a dichroic mirror, having 
different reflecting and/or passing characteristics responsive to the wavelength of incident light. Also in 
the present embodiment, the mirror 106 can reflect 100% of incident light. It is understood, however, 
that different applications may utilize different mirrors, beamsplitters, or other similar items. 

10 In one embodiment, the beamsplitter 104 is also positioned, with the light modulation device 92 

and the mirror 106, so that a perpendicular distance from the mirror 106 to a point on the reflective 
surface 1 12 is equal to a perpendicular distance from a mirror 22 (in the free state) of a corresponding 
light modulation element 10 to the same point. This perpendicular distance is determined when the 
corresponding light modulation element is in the free state. It is understood, that in other embodiments, 

15 the perpendicular distance may be determined when the light modulation element is in a different state. 
In these other embodiments, the logic discussed below will need to be altered, accordingly. It is further 
understood that in additional embodiments (e.g., laser applications), the distances for the mirror 22 and 
the mirror 106 to the reflective surface may be different. 

To describe the operation of the projecting system 100, several light beams from the light source 

20 102 can be traced. Consider a beam 120 being projected towards the beam splitter 104. When the beam 
120 reaches the reflective surface 1 12, two separate beams 120.1, 120.2 (each 50% the intensity of beam 
120) are produced. The beam 120.1 reflects off of the reflective surface 1 12 and onto the mirror 22a of 
light modulation element 10a. In this example, the light modulation element 10a is in the free state. The 
beam 120.1 then reflects back towards the reflective surface 112. Simultaneously, the beam 120.2 passes 

25 through the reflective surface and onto the mirror 106. The beam 120.2 then reflects back towards the 
reflective surface 112. 

In the present example, the overall distance that beam 120.1 travels is exactly equal to the overall 
distance that beam 120.2 travels. Therefore, when the beams 120.1, 120.2 meet again at the reflective 
surface 112, they constructively add to produce an output beam 120.3 with a significant amplitude 
30 (referred to as "ON") and directly in phase with the light beam 120.1. The light beam 120.3 then passes 
through the lens system 108 and projects a pixel onto a point PI of the surface 1 10. 

Consider now a beam 122 being projected towards the beam splitter 104. When the beam 122 
reaches the reflective surface 1 12, two separate beams 122.1, 122.2 (each 50% the intensity of beam 122) 
are produced. The beam 122.1 reflects off of the reflective surface 1 12 and onto the mirror 22b of light 
35 modulation element 10b. In this example, the light modulation element 10a is in the lower state. The 
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beam 122.1 then reflects back towards the reflective surface 1 12. Simultaneously, the beam 122.2 passes 
through the reflective surface and onto the mirror 106. The beam 122.2 then reflects back towards the 
reflective surface 112. 

In the present example, the overall distance that beam 122.1 travels is exactly half a wavelength ( 
5 A/4 + A/4 ) more than the overall distance that beam 122.2 travels. Therefore, when the beams 122.1, 

122.2 meet again at the reflective surface 1 12, they interfere destructively to produce an output beam 

122.3 with almost no amplitude (referred to as "OFF"). Accordingly, no pixel is projected at a point P2 
identified by the output beam 122.3. 

Referring now to Fig. 18, two light modulation devices 92a, 92b can be used as part of another 

10 projector system 150. The projector system 150 is similar to the projector system 100 of Fig. 17, with 
identical components number consistently. It is noted, however, that the projector system 150 includes 
the second light modulation device 92b where the mirror 106 of the previous system 100 was located. 

The projector system 150 includes the additional ability to selectively alter the phase of the light 
from the light source 102. To provide a further example, the beamsplitter 104 is now positioned with the 

1 5 light modulation devices 92a, 92b, so that a perpendicular distance from a point on the reflective s\jrface 
1 12 to corresponding light modulation elements of the light modulation devices is a multiple of A/2, 
when that light modulation element is in the lower state (this example is opposite to the one of Fig. 17). 

Consider now a beam 152 being projected towards the beam splitter 104. When the beam 1 52 
reaches the reflective surface 1 12, two separate beams 152.1, 152.2 (each 50% the intensity of beam 152) 

20 are produced. The beam 152.1 reflects off of the reflective surface 1 12 and onto the mirror 22c of light 
modulation element 10c (of light modulation device 92a). The beam 152.1 then reflects back towards the 
reflective surface 1 12. Simultaneously, the beam 152.2 passes through the reflective surface and onto the 
mirror 22d of light modulation element lOd (of light modulation device 92b). The beam 152.2 then 
reflects back towards the reflective surface 1 12. 

25 In the present example, the light modulation elements 10c, lOd are in the same state. Therefore, 

the overall distance that the beam 152.1 travels is exactly the same as the overall distance that beam 
152.2 travels. The beams 152.1, 152.2 then meet again at the reflective surface 1 12, where they 
constructively add to produce an output beam 152.3 that is ON. The light beam 152.3 then passes 
through the lens system 108 and projects a pixel onto a point P3 of the surface 1 10. 

30 However, this distance traveled by the beams 152.1 and 152.2 is different for different states of 

the light modulation elements 10c, lOd. If both elements 10c, lOd are in the free state, both beams 152.1, 
152.2 have traveled a half wavelength (A/4 + A/4 ) less than if both light modulation elements are in the 
lower state. Therefore, when the beams 152.1, 152.2 meet again at the reflective surface 1 12, they may 
be exactly in phase with the incident beam 152.1, or may be 180° out of phase with the beam. 

35 
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Tilt Modulation Element 

Referring now to Fig. 19, a component layout for another embodiment of a light modulation 
element 200 is shown. Components of the element 200 that can be similar to those of the element 10 
(Fig. 1) are commonly numbered. In the present embodiment, the light modulation element 200 is 
5 constructed on a semiconductor substrate 12. Three electrodes 202, 204, 206 are formed adjacent to the 
substrate 12, although different embodiments may include an insulative material (not shown) to facilitate 
electrical isolation. Each electrode is, in the present embodiment, a solid film of electrically conductive 
material, such as metal. The electrodes 202-206 are positioned between non-conductive support 
structures 208. The support structures 208 secure a rigid member 210 through torsional stabilizers (not 

10 shown). The torsional stabilizers will be discussed in greater detail, below. The rigid member 210 is 
further connected to a mirror 22 through a connecting portion 24. The mirror may be of many different 
types of reflective materials, such as gold, aluminum, copper, or a combination thereof, depending on the 
use (e.g., infrared, x-ray) for the light modulation element 200. 

The light modulation element 200 is also a MEM device, and therefore also has several gap areas 

15 to allow mechanical movement. A first area 212 is defined between the three electrodes 202-206 and the 
rigid member 210. A second area 214 is defined between the rigid member 210 and the mirror 22. As 
shown in Fig. 4, distances d5, d6 are provided between the rigid member 210 and the electrodes 202, 
206, respectively. 

The light modulation element 200 can be in three different mechanical states. Fig. 4 illustrates a 
20 free state in which the rigid member 210 is parallel with the substrate 12. As shown in Fig. 4, the 

distances d5, d6 are relatively equal. In the present embodiment, the free state is also considered the 
planar state. 

Fig. 20 illustrates a left tilt state in which the rigid member 210 is tilted leftward, as seen in the 
figure. As shown in Fig. 5, the distance d5 is approximately equal to zero and the distance d6 is 
25 relatively large. Although not shown, a right tilt state is also possible, with the distance d6 
approximately equal to zero and the distance d5 relatively large. 

Figs. 21-23 and Figs. 24-26 illustrate two different embodiments for the light modulation element 
200. In the embodiment of Figs. 21-23 (designated with the numeral 200a), the rigid member 210 rotates 
about an axis al in a parallel configuration with the other components. In the embodiment of Figs. 24-46 
30 (designated with the numeral 200b), the rigid member 210 rotates about an axis a2 in a diagonal 
configuration with the other components. 

Referring now to Fig. 21, in the element 200a, the first electrode 202 extends longitudinally, as 
shown in the figure, and the second and third electrodes 204, 206 extended latitudinally across the 
substrate 12. The electrodes 202-206 include sufficient area to facilitate an electrostatic force for 
35 attracting the rigid member 210. In other embodiments, the electrostatic force can be controlled by other 
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means, such as voltage level or material composition of each electrode. Also in other embodiments, it 

may be desirable to have different electrostatic forces associated with each electrode. 

Referring to Fig. 22, the rigid member 210 is connected to the support structures 208 through 

torsional stabilizers 212, 214. The torsional stabilizers 212, 214 are spring-like devices that attempt to 
5 maintain the rigid member 210 in a parallel relationship with the substrate 12 (Fig. 19). Responsive to 

external forces, however, the torsional stabilizers 212, 214 allow the rigid member 210 to tilt, as 

illustrated by the arrows 216, 218, 220. 

Referring now to Fig. 24, in the element 200b, the first electrode 202 extends diagonally in a first 

direction, as shown in the figure, and the second and third electrodes 204, 206 extended diagonally in a 
10 perpendicular direction to the first electrode 202. The electrodes 202-206 include sufficient area to 

facilitate an electrostatic force for attracting the rigid member 210. In other embodiments, the 

electrostatic force can be controlled by other means, such as voltage level or material composition of 

each electrode, Also in other embodiments, it may be desirable to have different electrostatic forces 

associated with each electrode. 
15 Referring to Fig. 25, the rigid member 210 is connected to the support structures 208 through 

torsional stabilizers 222, 224. The torsional stabilizers 222, 224 are similar to the ones 212, 214 of Fig. 

23, except they are positioned to allow the diagonal tilting movement. 

Referring now to Figs. 21-26, both embodiments 200a, 200b operate in a similar manner. When 

one or more of the electrodes 202-206 apply an electrostatic force, the rigid member 210 tilts on the 
20 torsional stabilizers 212, 214 or 222, 224, thereby tilting the mirror 22. As a result, the light modulation 

element 200 can operate in many different states. Referring now to Table 12, in one configuration, each 

of the electrodes 202-206 can operate independently of the others. Table 12 utilizes the 0/1 voltage 

designations discussed above, with the 0 voltage designation representing zero volts, and the 1 voltage 

designation representing a supply voltage. 



Electrode 202 


Electrode 204 


Electrode 206 


State 


Operation 


0 


0 


0 


free 


reset 


0 


0 


1 


right tilt 


active 


0 


1 


0 


prior state 


hold 


0 


1 


1 


right tilt 


active & hold 


1 


0 


0 


left tilt 


active 


1 


0 


1 


prior state 


hold 


1 


1 


0 


left tilt 


active & hold 


1 


1 


1 


prior state 


hold 
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Table 12 

Note: If the prior state is free, the current stat can be held at either tilt position. Also, the reset 
operation can be performed by a short period of high position voltage or negative voltage on electrode 
204 to create a repulsive force, before returning to zero volts. 
5 Referring now to Fig. 27, the light modulation element 200 can be used in an optical delivery 

system 250 for directing light beams 252. The mirror 22 of the element 200 selectively directs the light 
beams 252 in a first direction 254 or a second direction 256. As readily apparent to those of ordinary 
skill in the art, the optical delivery system 250 is more efficient than conventional defdrmable mirror 
devices. 

10 

Conclusion 

The elements, devices, and applications discussed above provide many advantages. For one, the 
light efficiency is very high (close to 100%). Also, there are no scanning components, although the 
systems 100, 150 can be used, for example, in a scanning lithography system. 

15 Another advantage is that the elements, devices, and applications above can support different 

wavelengths from the light source 102 with slight modification. For example, the movement distance for 
each mirror 22 of a light modulation element 10 can be adjusted by changing the voltages on the 
electrodes 14, 16, 26. Also, the applications can use either coherent or non-coherent light (time/temporal 
coherent or spatial coherent). 

20 Another advantage is that the light modulation device 92 does not require a separate memory. 

This can improve reliability (e.g., memory cells can be adversely affected by light) and can reduce 
manufacturing cost. 

While the invention has been particularly shown and described with reference to the preferred 
embodiment thereof, it will be understood by those skilled in the art that various changes in form and 
detail may be made therein without departing form the spirit and scope of the invention. 
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What Is Claimed Is: 

1 1 . An optical communication device comprising: 

2 a first, second, and third electrode for producing a first, second and third force, respectively; 

3 a support structure; 

4 a rigid member connected to the support structure through a torsional stabilizer, wherein the rigid 

5 member is responsive to a force; 

6 a mirror attached to the rigid member; and 

7 a first gap between the rigid member and the three electrodes so that the rigid member can move 

8 in the gap; 

9 wherein the rigid member can selectively tilt in response to voltages on one or more of the 
.0 electrodes. 



2. The device of claim 1 further wherein each electrode can provide the electrostatic force 
at opposite polarities, so that at one polarity, the electrode attracts the rigid member and at the opposite 
polarity, the electrode repels the rigid member, thereby performing a reset function. 



1 3 . A light modulation element comprising: 

2 a first, second, and third electrode; 

3 a flexible member connected between the three electrodes so that the first and second electrodes 

4 are on one side of the flexible member and the third electrode is on the opposite side of the flexible 

5 member, wherein the flexible member is responsive to an external force provided by one or more of the 

6 three electrodes; 

7 a mirror attached to the flexible member; and 

8 a first gap between the flexible member and the first and second electrodes so that the flexible 

9 member can move between a first and second state; 

.0 wherein the mirror is positioned in a predetermined position responsive to the state of the 

. 1 flexible member. 

1 4. The element of claim 3 further comprising: 

2 a second gap between the flexible member and the third electrode so that the flexible member 

3 can also move to a third state. 

1 5. The element of claim 3 wherein the electrodes and flexible member are positioned so 

2 that when the flexible member is in the first state, the flexible member is more responsive to the third 
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1 electrode than to the first or second electrode, thereby allowing the third electrode to hold the flexible 

2 member in the first state. 

1 6. The element of claim 3 wherein the first state represents a natural, un-flexed state for the 

2 flexible member, and wherein the electrodes and flexible member are positioned so that when the flexible 

3 member is in the first state, the third electrode is closer to the flexible member than either the first or 

4 second electrodes. 

1 7. A device comprising a substrate and an an-ay of light modulation elements, each light 

2 modulation element comprising: 

3 first and second electrodes positioned proximate to the substrate; 

4 a flexible member extending over and above the first and second electrodes, such that the 

5 flexible member can move between a first and second state; 

6 a third electrode positioned above the flexible member; and 

7 a mirror connected to and extending above the flexible member such that a distance of the mirror 

8 from the substrate is controlled by the state of the flexible member. 

1 8. The device of claim 7 wherein each light modulation element further comprises: 

2 a gap between the three electrodes in which the flexible member can move. 

1 9. The device of claim 7 wherein all three electrodes of each element include a material 

2 capable of affecting an electrostatic force and the flexible member of each element is made of a material 

3 that is responsive to the electrostatic force. 

1 10. The device of claim 7 wherein the elements are arranged in rows and columns, and 

2 wherein the second electrode of each element in a common row is electrically connected to produce a 

3 data line for the elements in that row, and wherein the first and third electrodes of each element in a 

4 common column are electrically connected to produce a hold line for the elements in that column. 

1 11. The device of claim 7 wherein the first, second, and third electrodes of each element are 

2 situated so that, when an electrostatic force is being affected by the first and third electrodes of any 

3 particular column, a state of the flexible member is held, regardless of any electrostatic force being 

4 affected by the second electrode of any element in that column. 



12. An optical communication device comprising: 

a first, second, and third electrode for producing a first, second and third force, respectively; 
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a support structure; 

a flexible member connected to the support structure, wherein the flexible member is responsive 
to a force; 

a mirror attached to the flexible member; and 

a first gap between the flexible member and the first and second electrodes so that the flexible 
member can move between a first and second state; 

wherein the mirror is positioned to be responsive to the state of the flexible member. 

13. The device of claim 12 wherein the three electrodes are positioned inside the first gap, 
the first, second, and third forces are all electrostatic, and the flexible member is responsive to 
electrostatic forces from the three electrodes. 

14. The device of claim 12 further comprising: 

an actuator connected to the third electrode, the actuator for applying a mechanical force to the 
flexible mirror. 

15. The device of claim 12 wherein the flexible member includes a central portion for 
securing to the mirror and at least one leg for securing to the support structure. 

16. The device of claim 12 wherein the leg allows the flexible member to pop between the 
two states. 

17. The device of claim 12 further comprising: 

a stopper for limiting the movement of the flexible member, 

18. A light element comprising: 
a substrate; 

first, second, and third electrodes positioned adjacent to the substrate and capable of producing 
an electrostatic force of varying intensity; 

first and second support members connected to the substrate; 

a flexible member spanning between the first and second support members and extending over 
and above the three electrodes and capable of moving between a first and second state; and 
a mirror connected to and extending above the flexible member. 
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1 19. The element of claim 1 8 wherein the flexible member includes a central portion 

2 responsive to electromagnetic forces, and first and second legs for connecting the central portion to the 

3 first and second support members, respectively. 

1 20. The element of claim 19 wherein the first and second legs are non-linear springs capable 

2 of operating in a hysteresis manner. 

1 21 . The element of claim 19 wherein each of the three electrodes include at least a portion 

2 under the central portion of the flexible member, and a surface area for each of the three electrode 

3 portions is relatively equal. 

1 22. The element of claim 20 wherein the three electrodes are positioned relative to the 

2 central portion of the flexible member so that when two of the electrodes are producing an electrostatic 

3 force, the central portion will move from the first state to the second state response to an electrostatic 

4 force produced by the third electrode. 

1 23 . A light element comprising: 

2 a substrate; 

3 first, second, connected to the substrate; 

4 a flexible member; 

5 a structure connected to the substrate for supporting the flexible member to extend over and 

6 above the first and second electrodes, so that a gap is formed between the flexible member and the first 

7 and second electrodes thereby allowing the flexible member to move between a first and second state; 

8 an actuator adjacent to the flexible member; 

9 a third electrode adjacent to the actuator; 

0 a mirror extending above the flexible member; and 

. 1 a connector for connecting the mirror to the flexible member so that the mirror stays parallel with 

2 the substrate and a distance between the substrate and the mirror is controlled by the state of the flexible 

.3 member; 

.4 wherein the first and second electrodes are situated to hold the flexible member in a prior state 

.5 responsive to a hold voltage applied thereto, and 

.6 wherein the third electrode is situated to activate the actuator, which thereby selectively moves 

.7 the flexible member between the first and second states. 
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1 24. The element of claim 23 wherein the flexible member is constructed of a material 

2 responsive to an electromagnetic force, and the first and second electrodes hold the flexible member 

3 utilizing electromagnetic force. 

1 25. The element of claim 23 wherein the actuator is a piezoelectric micro-actuator. 

1 26. The element of claim 23 wherein the actuator is a pyroelectric micro-actuator. 
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DISPLACEMENT 



V3 V2 V1 ELECTROSTATIC VOLTAGE 
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